ABSTRACT This paper deduces a unified mathematical model of open-circuit fault of six-phase induction machine, and purposes a fault-tolerence sensorless strategy based on the sliding mode observer(SMO) to estimate the rotor flux and rotor speed. In the proposed control scheme, the sliding mode observer is improved to achieve the rotor speed and rotor flux identification under healthy and arbitrary open circuit faults. The stability of the observer is proved by the Lyapunov function. The quasi proportional resonance (QPR) controller is introduced in the harmonic plane to suppress the harmonic current after the fault. The simulation and experiment results show that the proposed sensorless fault-tolerant control strategy based on sliding mode observer can accurately and effectively identify the rotor speed and rotor flux of the machine under normal and fault conditions.
INDEX TERMS
Multiphase induction machine, fault-tolerant, speed sensorless, sliding mode observer (SMO). In the multiphase machine drive system, due to the increase of phase number, the redundancy ability of the machine system is improved. More than 70% of motor drive system faults will eventually appear as open-phases fault or switch devices invalidity [1] . When stator phase failure occurs, the corresponding fault tolerant control strategy can be implemented to keep the air gap flux to be constant, so that the machine will continue to run smoothly, and the reliability of the system can be increased greatly. Therefore, the multiphase machine drive system has been widely used in electric vehicles, rail traffic, ship propulsion and other occasions. When the motor is unbalanced, the asymmetry of the power supply will cause a large pulsation of the motor output torque. Therefore, the key of fault-tolerant control is to compensate the asymmetry of the magnetomotive force in the air gap to suppress torque ripple. Fault-tolerant control strategies for multiphase motors can be roughly divided into three types: field-oriented control, direct torque control and optimal current control based on open-phase decoupling mathematical model. The first control method was suggested by Y.Zhao [2] , [3] , and the basic idea is that according to the situation of open-phases, the mathematical model of the unbalanced state is established through the space decoupling transformation and asymmetric rotation transformation after open-phases fault. Finally, the field orientation control under unbalanced state is established.
NOMENCLATURE

K
Direct torque control(DTC) strategy based on open-phase decoupling model is to re-divide the sector by analyzing the post-fault space voltage vectors, and to eliminate harmonic currents as much as possible by reasonably utilizing the vector relationship between αβ-plane and z 1 − z 2 -plane. Because the stator flux observation is only related to the stator resistance, but unrelated to the inductance parameters of the motor, the sudden change of the inductance parameters of the motor has no effect on the post-fault stator flux observation, so the robustness is strong. The space voltage vector of a five-phase induction motor under one-phase opened is analyzed in [4] . By using the relationship between space voltage vectors, the post-fault direct torque control is realized. In [5] , a model reference adaptive system (MRAS) estimator based on the second-order sliding-mode (SOSM) strategy for speed-sensorless direct torque control (DTC) of a six-phase induction motor is proposed. For six-phase induction motors (SPIM), few literatures have proposed the direct torque control strategy for the post-fault SPIM. Because the post-fault space voltage vector is asymmetrical and the amplitude is not uniform, the traditional direct torque control will produce large torque ripple and current harmonics. For different open-phase cases, the vector and sector are also different. This method is not universal and needs to study more practical methods.
The optimal current fault tolerant control is first proposed by H.A.Toliya [6] . The core idea is that by properly controlling the current of the remaining active phases, the motor can still generate a circular flux linkage after the fault, and obtain a sinusoidal rotational magnetomotive force(MMF), thereby obtaining a smooth motor torque output. At the same time, under the premise of ensuring the circular MMF, each phase current can be optimized. The optimization objective is to minimize the copper consumption [7] , the amplitude of each phase current [8] and the torque ripple [9] , etc. The key of the optimal current control performance is the control of the current loop, hysteresis loop control, proportional resonance (PR) control and model predictive control (MPC) are widely used in the fault-tolerant current loop [10] - [12] .
At present, advanced control strategies such as internal model control [13] , [14] and state feedback control [15] have been applied in motor control. The wide research of sensorless technology provides a backup scheme for the system when the speed encoder failure, which improves the reliability of the machine drive system and reduces the economic cost. At present, the sensorless algorithm for multiphase induction machine mainly includes the openloop speed estimation based on the model, the signal injection, and closed-loop observer, whereas the closed-loop observer can be divided into the full order state observer, extended Kalman filter, model reference adaptive observer and SMO, and so on. When SPIM under open-phases fault conditions, with the change of electromagnetic parameters, the traditional observer based on mathematical model cannot identify the speed and flux accurately. The observer must be improved to meet the needs of fault-tolerant operation. Few literatures proposed to estimate the speed of multiphase induction motor under open-phases fault. In [16] , a inverse speed observer of a bearingless induction motor drive with the artificial neural network is proposed. In [17] , [18] , a robust observer is proposed to estimate the speed of SPIM in healthy condition. In [19] , robust adaptive backstepping sliding mode control (ABSMC) with recurrent wavelet fuzzy neural network (RWFNN) is proposed for the speed regulation of a six-phase permanent magnet synchronous motor (PMSM) demonstrating parameter perturbations and load disturbances. In [20] , the MRAS observer is used to realize the speed estimation of five-phase induction machine in one phase open circuit. However, the change of the machine parameters affects the robustness and accuracy of the speed estimation, which means the inherent shortcomings are still inevitable. In [21] , a Luenberger observer is designed to estimate the speed of SPIM under one phase, two phase and three phase faults. A SMO with stator resistance identification is proposed in [22] , which realizes the speed estimation of fivephase induction machine. However, the parameter design of adaptive controller is very complex. In [23] , a robust sliding mode observer with wide speed range is proposed to realize sensorless fault-tolerant control of five-phase FTFSCW-IPM motor.
In order to solve the above problems, this paper deduces the unified fault mathematical model of six-phase induction machine and inductance coefficients under different faults, and establishes a speed-sensorless fault-tolerant control system for six-phase induction motor. Aiming at the harmonic current in the harmonic plane, proportional resonance controller is adopted to suppress them, and a sliding mode observer is improved to realize the identification of speed and flux after fault. Saturation function, instead of sign function, is used to reduce chattering in sliding mode control. The rotor speed estimation is independent of stator current and rotor flux estimation, and therefore the estimation error of the rotor time constant and rotor speed does not serve as feedback into the system. The robust performance and the reliability of the system is improved. The simulation and VOLUME 7, 2019 experimental results show the correctness and effectiveness of the improved SMO and fault tolerant control strategy.
II. UNIFIED MATHEMATICAL MODEL AND TORQUE RIPPLE ANALYSIS OF SIX-PHASE INDUCTION MOTOR WITH PHASE-MISSING FAULT
A. UNIFIED MATHEMATICAL MODEL WITH PHASE-MISSING FAULT
The six-phase induction machine consists of two sets of conventional three phase windings, ABC and DEF. Each set of windings is Y-connected, and the angle between the two sets of three-phase windings are γ , there are two types. The first one with 60 electrical degrees phase-shift in between two consecutive phases known as symmetrical SPIM and the other one with 30 electrical degrees phase-shift in between two consecutive phases known as asymmetrical SPIM. When the motor is running under normal condition, the neutral point isolation method is adopted to avoid the zero sequence current, as is shown in Fig. 1(b) . However, the non-isolated neutral point can effectively reduce the post-fault stator copper loss and output more torque [24] , as is shown in Fig. 1(a) . The mathematical model of a six-phase induction machine can be decomposed into two subspace, αβ-subspace and z-subspace. The former represents the electromechanical energy conversion subspace while the latter only related to losses. The two-dimensional orthogonal vectors α 0 , β 0 of the αβ-subspace can be obtained by (1) 
where ϕ i (1 i 6) are the stator current phase angles defined as: ϕ 1 = 0, ϕ 2 = γ , ϕ 3 = 2π/3, ϕ 4 = 2π/ 3 + γ , ϕ 5 = 4π/3, ϕ 6 = 4π/3 + γ . ϕ 0 is the angle between the A axis and α axis. When the machine is healthy, the α axis coincides with the A axis, that is, ϕ 0 = 0. When fault occurs, according to the case of the broken phase, the corresponding term of [α 0 β 0 ] T is removed, and the two-dimensional orthogonal vector αβ is obtained. From the expression of αβ T = 0, ϕ 0 can be obtained by (2) .
It can be deduced that ϕ 0 is the angle between the α and A axes. ϕ j is the phase angle of the remaining effective phase. For example, when 'F' phase is opened (j = 1 to 5) and γ = π/2, the (2) gives ϕ 0 = 0 and then, [αβ] T become (3). α β = cos 0 cos σ cos 4σ cos 5σ cos 8σ sin 0 sin σ sin 4σ sin 5σ sin 8σ
where σ = π/6. The electromechanical energy conversion takes place only in αβ-subspace which means that the MMF produced by active phases is equivalent to the MMF produced by two windings on the axes α and β with the currentsi sα and i sβ , respectively. These currents are defined by (4)
where
In (5) [
According to [T z ] and [T c ], the decoupling transformation matrix [T N ] can be obtained, as is shown in (7) .
The space decoupling transformation matrix [T N ] is substituted into the stator and rotor voltage equation, as is shown in (8) . the original space decoupling transformation matrix, which will be given at the following article. An unified stator and rotor voltage equations of a six-phase induction machine under open phase fault conditions in the αβ-subspace, as is shown in (9) .
where L r is rotor inductance,L mα , L mβ ,L sα and L sβ are stator and rotor mutual inductance and the stator self inductance under the two-phase stationary coordinate system respectively. θ r is the rotor position angle, and p is the differential operator. Using the rotation transformation matrix T r , as shown in the (10).
The left side of the rotor current term in the stator voltage equation in (9) 
The stator and rotor flux are expressed as
where ψ sα , ψ sβ , ψ rα and ψ rβ are the components of the stator and rotor flux respectively. The stator voltage equations in z-subspace are described as
Equations (11) and (12) show that the model in αβ-subspace with an asymmetric winding under open-phases faults, the voltage equation in the z-subspace is only related to the R s and L ls , but not related to the condition of openphased fault. For different situations, the value of L sα , L sβ , L mα and L mβ are different, and the expression of the electromagnetic torque is described as
where p n is the number of pole-pairs. The winding structure of six-phase induchine machine under normal and three different kinds of phase-missing conditions are shown in Fig. 2 . In this paper, the sensorless field oriented control under normal and three kinds of phasemissing faults will be deeply studied respectively. According to the principle of energy conversion, the space decoupling transformation matrix of three kinds of phasemissing faults can be derived from the above method. For normal and fault cases (four cases shown in Fig. 2 , the original transformation matrix is T 6 , the decoupling matrices in the other three cases are T 5 , T 4 and T 3 respectively, as is VOLUME 7, 2019 shown in (15) - (18).
The above space decoupling matrices are substituted into (8) respectively, and through the rotor side variable transformation to the stator side, the inductance parameters can be obtained under three kinds of fault conditions. According to this method, the inductance parameters can be obtained under any fault conditions, as shown in Table 1 , the parameters of the symmetrical SPIM have been given in [8] .
B. TORQUE RIPPLE ANALYSIS
From (12), The post-fault flux equation of αβ-subspace can be obtained as (19) where, ω r is the rotor angular speed. Assume that
Substituting (20) into (19) yields
, τ r is the rotor time constant, ω 1 is the synchronous angular velocity.
The electromagnetic torque can be divided into two parts, the first partT e is a constant component and the second part 110090 VOLUME 7, 2019 T e is an alternating component, as is shown in (22) .
The constant componentT can be expressed as
The alternating componentT can be expressed as (24) From (24), in order to eliminate the torque ripple after the motor failure, the following constraints are required.
The above conditions can be equivalent to
From (24)- (26), after the fault, the frequency of the torque ripple is twice the fundamental frequency, and the suppression of the torque ripple can be achieved by controlling the amplitude of the stator current of the αβ-subspace.
III. FIELD ORIENTED CONTROL OF SIX-PHASE INDUCTION MACHINE UNDER OPEN-PHASE FAULT A. FIELD ORIENTATION CONTROL IN αβ-SUBSPACE UNDER OPEN-PHASE FAULT
Due to the asymmetry of the stator windings on the axes α and β, in order to get the same equation as the symmetrical winding structure and minimize torque oscillation, the new rotation transformation matrix is T e 2s/2r [2] , as is shown in (27) .
where, the values of k α and k β are
Substitution from (28) into (27) gives
When the machine structure is balanced, L mα = L mβ , and then, the rotation transformation matrix T e 2s/2r transformed into its original state.
The rotor winding is symmetrical, and its rotation transformation matrix is symmetrical as well. After multiplying unbalanced and balanced transformation matrices respectively in the variables of the stator side and rotor side, the voltage equation and flux equation of stator and rotor in the dq coordinate system are obtained, as is shown in (30) . 
The 
The (32) shows that the stator flux is not decoupled in the dq coordinate system. The stator self-inductance and statorrotor mutual inductance of the dq axis are both related to θ r , while the rotor flux of the dq axis is decoupled in two directions, so the current component of the dq axis can be decoupled according to the control method of rotor flux orientation.
In the synchronous rotating coordinate system, the torque equation is
According to the principle of field oriented control, the direction of the rotor flux is defined to coincide with the d axis, that is, the q axis component is zero, while the d axis component is equal to the magnitude of the flux, as is shown in (34)
The rotor flux equation and torque equation after rotor flux orientation can be obtained as
Equation (35) shows that the rotor flux is only generated by the excitation component i sd of the stator current, and has nothing to do with the torque component i sq . Therefore, the decoupling of the stator current excitation component and the torque component is realized on the dq rotating coordinates, and the decoupling vector control of the sixphase induction machine is realized when the structure is not balanced. The reference voltage component in the αβ-plane is obtained by this method.
B. PR CONTROL IN HARMONIC SUBSPACE UNDER OPEN-PHASE FAULT
PI controller has good tracking effect on DC component, but poor tracking effect on AC component. Because the current signal in harmonic plane is actually AC, this paper introduces quasi proportional resonance (QPR) control in harmonic plane to suppress the current in harmonic plane after phase absence. QPR regulator has the same proportion with PI regulator, but the integral part is different, so the transfer function can be shown as
where, u * z is the given value of harmonic plane voltage, i * z and i z are the given value and feedback value of harmonic plane current respectively. k pi and k ri are proportional and harmonic coefficients of PR controller respectively. ω 1 is the resonant frequency, ω c is the cut-off frequency and s is the Laplace operator.
FIGURE 3. PR regulator in harmonic plane.
From the space decoupling matrix of normal and open phase, it can be seen that the 6m ± 1(m=1,3. . . ) th harmonic current is projected to the harmonic plane. Therefore, this paper mainly suppresses the 5th, 7th, 17th and 19th harmonics. Fig. 3 shows the structure block diagram of the harmonic plane PR regulator. The output voltage is the superposition of one proportional link and four resonant links. In normal operation, only two harmonic planes are needed because the harmonic plane has only z 1 − z 2 plane, and corresponding to different open circuit faults, the number of required regulators are 0-3.
IV. OBSERVER DESIGN METHODOLOGY A. CURRENT OBSERVER DESIGN
Based on the unified mathematical model of the αβ-subspace under open-phases faults, the state equation is shown in (37).
where A 11 , A 12 , A 21 , A 22 and B in (37) are the parameter matrices, as is shown below.
In (37), the first term in the stator current equation is the same as the rotor flux linkage equation. That is, the same coupling term exists in the rotor flux and the stator current equation. According to the relationship between the flux and the back electromotive force, the mathematical model of equation (29) can be transformed into
where,
In order to match the sample current with the observer estimated current, a sliding mode observer is designed for current observation. According to the theory of sliding mode variable structure control, a sliding mode observer based on saturation function is designed
where, the symbolˆis the corresponding variable observation value. K is the sliding mode gain coefficient, and the magnitude of K is selected according to the actual control system. The switching function of the traditional sliding mode observer is a symbol function, which will cause chattering. To eliminate chattering in sliding mode control, a continuous saturated piecewise function is used. The saturation function is as shown in equation (40).
sat(î sαβ
where, is a small positive number that represents the limit of the current error switching point. When the current observation and actual value are larger than the set current error limit, the output value is the saturation value. When the error is less than the set current error limit, which means the state point reaches the switching surface, the output value of sat function can change smoothly. The use of a saturation function effectively reduces slip mode chattering. In addition, when the current error switching point is selected differently, the slope of sliding mode function will change. It is necessary to comprehensively consider the actual situation.
The sliding mode function is represented by the functions λ rα and λ rβ . During the movement of the sliding mode variable structure on the sliding surface, because of frequent switching, a large number of high-frequency components are generated, and the low-pass filter can be used to filter out high-frequency components to achieve equivalent control.
where, ω cf is the cut-off frequency of the low pass filter. According to the equivalent control formula (41), assuming that the current observation valueî sα ,î sβ and the actual value i sα , i sβ are equal when the machine reaches the sliding surface. according to the concept of equivalent control, the rotor flux in the static coordinate system can be obtained by the negative integral of the equivalent control quantity, as is shown in (42).
The amplitude and phase of the rotor flux can be described as
The θ r can be extended to four quadrants. In order to compensate the phase lag caused by the low pass filter, the compensation amount θ r is added, and thus the observation of the rotor flux can be realized. where,
where, ω cf is the cut-off frequency of low pass filter. According to the equivalent sliding mode function and the flux linkage in the two-phase stationary coordinate system, the rotor angular velocity is obtained. where, η = 1/τ r .
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The two sides of the first row in (46) The control structure diagram of the sensorless faulttolerant control system for SPIM is shown in Fig. 4 , where, the current controller in d-axis and q-axis is PI controller, which in z-axis is QPR controller. The i * d , i d and u * d is the d-axis reference current, feedback current and reference voltage respectively. The i * q , i q and u * q is the q-axis reference current, feedback current and reference voltage respectively. The i * z , i z and u * z is the z-axis reference current, feedback current and reference voltage respectively. The motor is powered by two parallel three phase two level voltage source inverters. By using SMO to replace the traditional encoder, the cost is reduced, and backup protection is provided after the encoder is damaged, which greatly improves the reliability of the drive system. When the SPIM is running under normal state, the SVPWM based on zero-sequence balance is adopted to reduce the harmonics of stator current [25] . Because the space voltage vector is irregular and its amplitude is not uniform when open-phases fault occurs, it is difficult to realize the SVPWM based on zero-sequence balance. The post-fault SVPWM adopts based on virtual action time [26] . Compared with the current hysteresis modulation strategy adopted in the optimal fault-tolerant current control, the switching frequency is fixed and the torque ripple is reduced, which can be used in high-power applications. When a failure occurs, the post-fault SVPWM can be used to generate a continuous rotation of the voltage vector and reduce the torque ripple.
B. OBSERVER STABILITY ANALYSIS
The stability of the current observer in Part A is guaranteed by selecting the appropriate sliding mode gain K . The Lyapunov function [27] for the proposed sliding mode current observer is chosen as
where, S n is the error between observing current and actual current.
Combying (38) and (39), The differentiation of S n can be expressed as
Consider that
The Lyapunov function V is obviously positive definite and satisfies the first condition of Lyapunov stability. It is known from the second conditions of Lyapunov stability that if the first derivative of the Lyapunov function is less than 0, as is shown in (53), the sliding mode observer of the current surface of the above analysis is stable.
The sliding mode gain K can be expressed as
A proper K is selected to ensure the stability of the system and to generate the sliding mode motion. The block diagram of sliding mode flux linkage and speed estimation is shown in Fig. 5 , where I rem and U rem are the phase voltage and phase current of the remaining effective phase respectively.
V. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATION RESULTS
To verify the accuracy of the proposed sensorless faulttolerant control for SPIM Based on SMO, a simulation module in MATLAB/Simulink is built. The structure diagram of sensorless field oriented control of six-phase induction machine under open-phases faults is shown in Fig. 4 , the motor is powered by two parallel three-phase voltage source inverters. The main parameters of the SCIM drive are given in Table 2 .
In order to verify the validity and correctness of the proposed SMO speed sensorless fault-tolerant control method, three kinds of open circuit fault conditions are simulated. The total simulation time is 0.8s, the reference speed is set to 500r/min, the load torque is switched from no load to 10N·m at 0.1s, the open circuit fault occurs at 0.4s, and the faulttolerant control strategy is adopted at 0.5s. Fig. 6 is the simulation waveform of sensorless faulttolerant control when the motor transits from normal state to sudden single-phase open-circuit fault. Fig. 7 is the simulation waveform of sensorless fault-tolerant control when the machine transits from normal state to sudden two-phase open-circuit fault. It can be seen from the waveform that when single-phase open-circuit fault occurs, torque waveform appears double-frequency fluctuation with amplitude of about 5N·m, and the resultant speed fluctuation is consistent with the theory when single-phase open-circuit fault occurs [9] , the fault phase current is zero, other phase currents are asymmetrical, the amplitude increases and the distortion is serious.
The improved SMO can still identify the speed accurately after phase failure. The estimated value and the actual value of the motor tend to be same, and the error is very small. The strategy is switched to the corresponding fault-tolerant control strategy at 0.5s, the sinusoidal waveform of residual phase current is well, the torque and speed fluctuations are reduced, and the waveform tends to be stable. In single-phase open circuit, the maximum one-phase current is close to 4.5A, and the minimum current is close to 2A, which is smaller remaining four-phase stator currents, the maximum current amplitude is close to 4.8A and the minimum current amplitude is close to 3.3A. Compared with one-phase open-circuit faults, the current amplitude increases, and the power of each phase increases, which indicates that the current needs to be increased to maintain the output power unchanged. seen that the fundamental plane current trajectory is elliptical, which indicates that the amplitude of the α−β axis current is different, the harmonic plane amplitude is much smaller than the fundamental plane amplitude and the PR regulator has a good suppression effect on the harmonic plane current. Fig. 10 is the stator flux linkage of the motor. When phase failure occurs, the flux linkage changes from circular to elliptical, which is consistent with the asymmetry of the flux equation on the α−β axis.
The experimental platform shown in Fig. 12 is built to further verify the ability of speed-sensorless fault-tolerant control strategy in tracking speed and resisting load disturbance. The reference speed of the control system is set to 500 rpm at t = 0 s, and set to −500 rpm at t = 0.2 s. When the system is stable, the load will suddenly increase from 0 to 10N·m. Fig. 11 is a dynamic response waveform of motor speed in case of motor health or single-phase, twophase and three-phase open-circuit faults, including the actual and estimated values of rotor speed and the errors between them. The simulation results show that the proposed SMO can accurately estimate the speed of the motor under open-phase fault, with high accuracy, strong ability to track the sudden change of speed, and high robustness to motor parameters and load conditions.
B. EXPERIMENTAL TEST
The sensorless fault-tolerant control schemes for six-phase induction machine have been verified by simulation. To further verify the feasibility of the proposed scheme, the corresponding experimental verification is carried out. The machine used in the experiment is an asymmetric squirrel cage type six-phase induction motor. A 2000 pulses encoder is installed on the mechanical shaft to obtain realtime rotational speed data as a criterion for speed identification. The rated voltage of the stator is 190V, the rated current is 7.4A, the number of pole-pairs is 3, the rated speed is 970r/min. The switching frequency is set to 10 kHz. The experimental platform is shown in Fig. 12 . The control system platform mainly consists of two parts: the power circuit and the control circuit. IGBT is used as the switching device of the power circuit, and the DC voltage is 190 V. The core control chip is TMS320F28335. A magnetic powder brake with a maximum braking torque of 20N·m is used as the load of the motor. a four-channel oscilloscope is used to collect the output waveform of the motor such as speed, torque and phase current. In order to verify the validity of the speed-sensorless faulttolerant control strategy based on sliding mode observer, the reference speed of the motor is set at 500 r/min, and the rated load torque is added after the system is stabilized. Fig. 13 is the speed identification results of no-load start under normal operation. Fig. 14 is the speed identification results from rated-load to no-load under normal operation. Among them, (a) and (b) are the speed identification results and speed error of the motor. The blue track is the actual value of the speed and the red track is the observed value of the speed. By choosing the optimal current sliding mode gain K and the saturation width , the chattering of the system can be greatly reduced. The experimental waveforms shows that the purposed improved observer can accurately identify the speed of the motor with minimal observation error, small chattering phenomenon and strong robustness to load. Fig. 15 is the result of current operation under normal operation, (a) is the three-phase stator current of A, B and C, and (b) is the two-phase stator current of A and D. The harmonic content of current waveform is less and the phase is correct. (c) and (d) are the current trajectory of fundamental wave and harmonic. The fundamental current trajectory wave is circular, and the amplitude of fundamental current is much larger than that of harmonic plane. Fig. 16 and this paper will not go into detail. Fig. 19 is the current steady state diagram of motor in two-phase open circuit and threephase open circuit respectively. The experimental results are in coincident with the simulation results. From the experimental results of sensorless fault-tolerant control under three kinds of faults, it can be seen that the method proposed in this paper can realize sensorless fault-tolerant control of any phase failure.
VI. CONCLUSIONS
The proposed fault-tolerant speed sensorless control strategy for six-phase induction machine has the advantages of high accuracy, simple structure, easy adjustment of parameters and high reliability under sensorless operation. Vector control after phase failure is realized in the fundamental wave plane, and odd harmonics are suppressed in the harmonic plane. By modifying the sliding mode observer, it can satisfy the fault tolerance operation. The simulation and experiment results show that the proposed speed sensorless fault-tolerant control method of six-phase induction motor has good faulttolerant ability, tracking performance and strong robustness, and suitable for high performance and high reliability driving occasions. It is obvious to see that the proposed method can be extended to the speed sensorless fault-tolerant control for any type of multiphase induction motor in the case of open fault. 
